ABSTRACT A class of longitudinally uniform transmission lines with low loss, low dispersion, and high-field confinement, called mode-selective transmission lines (MSTLs), has been proposed for ultrabroadband and ultra-fast electromagnetic signal guidance and processing. Their operation is mainly based on the concept of frequency-enabled mode selectivity. This paper presents our latest research results on this emerging MSTL, including its operating mechanism, propagation characteristics, higher-order modes, and transition design. Throughout the detailed discussion, two MSTL structures operating in distinct frequency ranges (DC to 60 GHz and DC to 500 GHz as showcased here) are considered. First of all, a comparative study among MSTLs and several conventional transmission lines is made, illustrating significant differences in structural features, wave guidance, field distributions, and frequency characteristics. Second, the phenomenon of mode selectivity occurred in MSTLs is examined by means of identified physical evidence (i.e., field distributions in connection with modal behavior) and theoretical foundation. It is verified that, with increasing frequency, the dominant modes of MSTLs are converted from a quasi-TEM microstrip mode to a quasi-TE 10 waveguide mode over a certain frequency range. Following this thread, a more rigorous analysis is carried out by defining and formulating three characteristic frequencies based on the observed inherent physical dispersions, and the operating frequency ranges of MSTLs are thus divided into several distinct frequency regions associated with the frequency-related variable dominant mode. In addition, a general analysis of the attenuation characteristics of MSTLs and higher order modes in MSTLs is conducted. To facilitate practical measurements and to expedite the integrated applications of MSTLs, we propose a low-loss and ultra-broadband transition between MSTL and microstrip line, through which undesired higher order modes are effectively suppressed. The numerical and theoretical analyses of MSTLs are carried out with experimental verifications. At the end of this paper, different fabrication and measurement techniques for the two MSTLs of interest are briefly described.
I. INTRODUCTION
High-performance transmission lines and waveguides operating in the microwave, millimeter-wave, and terahertz (THz) frequency ranges, in support of ultra-broadband and ultra-fast signal generation, transmission, and processing, are indispensable building blocks for realizing and advancing cutting edge semiconductor and system technologies and applications for aerospace, defense, communications, sensing, data center, and various high-tech segments and markets. They are instrumental for current and future ICT-related hardware developments, such as chip-to-chip interconnects [1] , [2] , electro-optic modulators [3] , [4] , and detectors [5] . Over the past decades, significant efforts have been made for exploring high-performance transmission media, which are often concerned with incremental or limited improvements of conventional transmission lines and waveguides. Although the performance of conventional transmission media has improved continually thanks to structure and processing innovations, they are still unable to meet the stringent requirements for high-quality ultra-broadband guided-wave signal propagation judging from propagation loss, frequency dispersion, and mode confinement. Non-TEM waveguides (such as rectangular waveguide (RWG) [6] , [7] , substrate integrated waveguide (SIW) [8] , [9] , and dielectric waveguide [10] - [12] ) are subject to a strong frequency dispersion near the cutoff frequencies of guided modes. TEM-type lines (such as coplanar waveguide (CPW) [13] , [14] , microstrip line [15] , [16] , stripline [17] , and coaxial line [18] ) generally suffer from severe signal attenuations, especially at millimeter-wave and THz frequencies. In addition, higherorder modes are easily excited along these conventional transmission lines and waveguides [19] . These drawbacks (strong dispersion, high loss, and higher-order modes) fundamentally limit their applications in which low-loss, low-dispersion, ultra-broadband (e.g., DC to THz), or ultra-fast pulse (picoor femto-second) propagation is often required. On the other hand, parallel-plate waveguides (PPWGs) [20] , [21] and metal wires [22] , [23] have been demonstrated to potentially guide an ultra-broadband electromagnetic wave with low loss and low dispersion. However, a significant diffraction loss, especially for a long propagation length, deteriorates the performance of PPWGs. Poor mode confinement and difficulty of mode excitation are few hurdles to the applications of metal wires.
A new concept of mode-selective transmission line (MSTL) has recently been proposed in [24] - [26] . This kind of transmission medium is capable of guiding an ultrabroadband (e.g., DC to THz) signal with low loss and low dispersion [24] , [25] . Preliminary research results indicate that MSTL operates in a variable dominant mode, which can be converted from a quasi-TEM microstrip mode to a quasi-TE 10 waveguide mode as frequency increases. A prevailing assumption or perception about a transmission medium with a given cross section has been that a mode conversion (or called mode coupling, mode transition, or mode transformation) can only occur when there is a geometrical discontinuity or perturbation along the propagation direction of the guided wave [27] - [29] . In [30] , a mode conversion from a TEM-like mode to a plasmon-like mode has been observed in a PPWG when frequency goes up. Similarly, a phenomenon of frequency-enabled mode conversion appears in the longitudinally uniform MSTLs proposed in [24] - [26] . These facts reveal that a mode conversion may occur in a transmission medium without being subjected to any longitudinal irregularities.
This mode conversion makes MSTL versatile, benefitting from combined advantages of the two modes. The quasi-TEM microstrip mode gets rid of the cutoff frequency and dispersive behavior over a low-frequency range, whereas the quasi-TE 10 waveguide mode allows a relatively low signal attenuation and reduced dispersion over a high-frequency range. In this paper, the specific phenomenon of frequencyenabled mode conversion is called ''mode selectivity'' to highlight its essential difference as opposed to the classical perception. The operation of MSTL, in fact, is mainly based on the mode selectivity. Field distributions for various field components of the dominant mode of a typical MSTL were examined in [31] , becoming a first-hand physical evidence of the mode selectivity. In this work, we begin with reviewing our previous research on MSTL (referring to [24] - [26] and [31] ) and then present our latest research findings through the analysis and demonstration of two practical MSTL examples (one is proposed in this paper, and the other MSTL was presented in our previous work [24] , [25] ). The main contributions of this work are listed as follows: (1) MSTLs are compared in detail to conventional transmission media; (2) Theoretical foundations of mode selectivity are provided; (3) Characteristic frequencies are defined and formulated to quantify the mode selectivity; (4) Propagation characteristics of MSTLs are investigated based on the defined frequency regions; (5) Higher-order modes in MSTLs are treated for the first time, and the effective suppression of these undesired modes is demonstrated; (6) Field transformation in the tapered transition reported in [25] is examined; (7) Finally, the low-frequency (DC to 60 GHz) MSTL is experimentally verified to further examine the MSTL technique.
This paper is organized as follows. In Section II, MSTLs are compared to conventional transmission media in terms of structural features, wave guidance, field distributions, and frequency characteristics. Section III is concerned with the mode selectivity in MSTLs, which is verified by both physical evidence and theoretical foundation. It is followed by a more rigorous analysis of the mode selectivity in Section IV. In this section, characteristic frequencies are defined, and several frequency regions are specified accordingly. In Section V, a general analysis of signal attenuation and a brief discussion of higher-order modes in MSTLs are conducted. A low-loss and ultra-broadband microstrip-to-MSTL transition is presented in Section VI, and different fabrication and measurement techniques for the two MSTLs are briefly described. Finally, this work is concluded in Section VII.
II. MSTL STRUCTURE
A typical topology of MSTL is shown in Fig. 1 , which may be regarded as a geometrical superposition of microstrip line, coplanar waveguide (CPW), substrate integrated waveguide, etc [32] . The geometrical parameters are also labeled in the figure. A conducting strip of width w is centered between two identical side conducting planes of thickness t and conductivity σ , constructing two identical slits of width s and offset distance m. They are printed on a thin conductor-backed dielectric substrate of thickness h, relative permittivity ε r , and loss tangent tanδ. The side conducting planes are connected to the bottom conducting plane through two lateral conducting sidewalls of separation d. A close look of Fig. 1 shows that MSTL is symmetric about the yoz plane and uniform along the propagation direction of guided wave (z-axis in Fig. 1(a) ); it is longitudinally uniform. On the other hand, MSTL is asymmetric and inhomogeneous with respect to the y-axis because of the hybrid air (for y > h + t) and dielectric regions (for 0 < y < h). For this reason, the two-conductor MSTL cannot support the guidance of a pure TEM wave, resulting from an impossible phase-matching condition at the dielectric-air interface. As briefly mentioned earlier, MSTL can be viewed as a composite transmission line [33] from which we can see the footprints of different well-known transmission media, such as microstrip line, slotline, conductorbacked CPW (CBCPW), dielectric-filled RWG (i.e., SIW), half-mode SIW (or called half-width microstrip line), etc. This feature may cause higher-order modes in MSTL, which will be discussed in more detail in Section V. Given the similarity of structures, we focus on comparing MSTL in this section with the conventional CBCPW and RWG in terms of structural features, wave guidance, field distributions, and frequency characteristics.
Two practical MSTL examples operating in distinct frequency ranges are considered for a comprehensive study. One operates from DC to 60 GHz, and the other operates from DC to 500 GHz (proposed in [24] ), which are called MSTL I and MSTL II for simplicity, respectively. Their dimensions are listed in Table 1 . For the according discussions of these MSTLs later, it is necessary to introduce three characteristic frequencies, f ms1 , f ms , and f ms2 (f ms1 < f ms < f ms2 ), ahead of time, which will be defined in Section IV to quantify the mode selectivity in MSTL. When frequency f is below f ms1 (f < f ms1 ), the dominant mode of MSTL is the quasi-TEM microstrip mode. In contrast, when f is above f ms2 (f > f ms2 ), the dominant mode is converted to the quasi-TE 10 waveguide mode. At a frequency in between (e.g., f ms ), the dominant mode is a kind of hybrid ''transition'' mode. In the following discussions, we will focus on the results and phenomena at these characteristic frequencies because of their applicability for different MSTLs.
Full-wave analyses are carried out using a commercially available finite-element method software package (ANSYS Electronics Desktop 2017) [34] , [35] . Given that the dominant mode of MSTL would change with frequency, wave ports supporting various propagation modes are used to feed the uniform MSTL, as labeled in Fig. 1(a) . For simplicity of analysis, the lateral sidewalls are modeled by conducting solid walls if no otherwise specified. Surface roughness of conductors, skin effect, and material dispersion are not considered in the simulation models.
A. COMPARISON WITH CBCPW
As we can see from Fig. 1 , the typical MSTL structure itself resembles a conventional CBCPW with bilateral sidewalls [36] - [38] (also called channelized CPW [39] or grounded CPW [40] ). There are, however, many important differences between MSTL and CBCPW, such as dominant modes, frequency characteristics, and excitation methods. The most significant and substantial difference lies in their dominant modes. The dominant mode of MSTL can be converted from a quasi-TEM microstrip mode to a quasi-TE 10 waveguide mode with increasing frequency (i.e., mode selectivity), whereas the dominant quasi-TEM CPW mode of CBCPW remains unchanged over its frequency range of operation. The mode selectivity contributes to unique properties of MSTL, such as low loss, low dispersion, and ultra-broad frequency range of operation [24] - [26] , which are rather challenging to obtain for a conventional CBCPW. Another difference is the excitation method. For a CBCPW, the feed point is generally located directly on the central strip [41] . In contrast, it is necessary for MSTL to feed the whole crosssectional area with the aid of specially designed transitions, which will be discussed in Section VI-A.
In this subsection, the dominant mode of MSTL at frequencies f below f ms1 (f < f ms1 ) is discussed and compared to that of CBCPW. A sketch of the cross-sectional electric and magnetic field lines for the dominant mode of MSTL when f < f ms1 is given in Fig. 2 (as labeled in Fig. 2(a) ), to simplify the following analysis. Part I is similar to the field lines in the CPW (see Fig. 2(b) ), which is primarily determined by the central strip together with the side conducting planes of MSTL. Part II is similar to the field lines in the microstrip line (see Fig. 2(c) ), which is primarily determined by the central strip together with the bottom conducting plane of MSTL. The dominant mode of MSTL at low frequencies (f < f ms1 ), in fact, becomes analogous to that of a CPW or that of a microstrip line depending on the dimensions. For example, increasing the slit width s or decreasing the substrate thickness h of MSTL ( Fig. 1) while keeping other parameters fixed can weaken Part I but strengthen Part II. That is, the dominant mode of MSTL tends to resemble that of a conventional microstrip line (i.e., quasi-TEM microstrip mode). On the other hand, as the slit width s decreases or the substrate thickness h increases, the dominant mode of MSTL tends to resemble that of a conventional CPW (i.e., quasi-TEM CPW mode). In fact, the field lines in the conventional CBCPW are similar to those in MSTL in this case [36] . A similar phenomenon of the mode also exists in CBCPW [36] , [42] . The CPW mode is generally preferable to the microstrip mode in CBCPW by strengthening Part I and weakening part II. On the contrary, the microstrip mode is preferable in MSTL when f < f ms1 . The main reason is that the effective permittivity for the microstrip mode is in a level close to that for the high-frequency waveguide mode in MSTL, thus maintaining a relatively stable effective permittivity (i.e., low frequency dispersion) over the frequency range of interest [26] . For the two MSTL examples considered in this work, the dielectric substrates used are extremely thin (h < (w + 2s)/4) so that their dominant modes are the quasi-TEM microstrip mode when f < f ms1 . In one word, MSTL performs similarly to a microstrip line rather than a CBCPW or a CPW when frequency f is below f ms1 . When frequency continues to increase, the dominant mode of MSTL will be converted to a quasi-TE 10 waveguide mode, becoming similar to the dominant mode of RWG, as discussed later. To demonstrate the difference of performance between MSTL and CBCPW, simulated transmission responses of the two MSTL examples (see Table 1 ) and their CBCPW counterparts are all plotted in Fig. 3 for comparison. To emulate practical situations and to facilitate measurement interfaces, we use the microstrip-to-MSTL and microstrip-to-CBCPW feed lines into the corresponding simulation models. The overall lengths of MSTL I and MSTL II including transitions (see Section VI-A) are 76 and 14 mm, respectively. The CBCPW counterparts have the same shapes and sizes but different excitation methods [43] . From Fig. 3 , the transmission curves of both MSTL I and MSTL II are smooth over the whole frequency ranges. In contrast, many sharp dips appear at high frequencies in the curves of CBCPW counterparts. This is because the resonances and leakage of laterally spreading fields cause these sharp dips, thus severely degrading the performance of CBCPWs [43] - [45] .
B. COMPARISON WITH RWG
In addition to CBCPW, the typical MSTL structure also resembles a dielectric-filled RWG with two additional slits etched symmetrically in the top conducting plane. This feature contributes to the guided wave performance of MSTL at frequencies f above f ms2 (f > f ms2 ). That is, MSTL performs similarly to a dielectric-filled RWG when f > f ms2 . In this case, the dominant mode of MSTL tends to resemble the dominant TE 10 mode of RWG; in fact, it is a quasi-TE 10 waveguide mode in MSTL because of the additional slits [2] . It should be noted that MSTL is a two-conductor transmission medium that its dominant mode does not possess a cutoff frequency. This high-frequency waveguide mode in MSTL is, in fact, converted from the low-frequency microstrip mode as frequency increases. A sketch of the electric and magnetic field lines for the dominant quasi-TE 10 waveguide mode of MSTL at high frequencies (f > f ms2 ) is described in Fig. 4(a) , compared to those for the dominant TE 10 mode of the dielectric-filled RWG in Fig. 4(b) . It can be observed that the field lines in MSTL in this case are similar to those in RWG except for a slight difference around the two slits. This indicates that MSTL should have the guided wave performance similar to that of a dielectric-filled RWG when f > f ms2 . Similarly, the simulated transmission curves of the dielectric-filled RWG counterparts (i.e., SIWs) of both MSTL I and MSTL II are obtained and plotted in Fig. 3 for comparison. The microstrip-to-SIW transitions presented in [46] are used in the simulation models to emulate practical situations including measurement purposes. As can be seen, the RWG counterparts operate in narrow frequency ranges, resulting from the low-frequency cutoff and excitation of higher-order modes (e.g., TE 30 mode) [47] . These MSTLs and their RWG counterparts show similar transmission responses over the common frequency ranges. The difference between the power losses, as a result of the additional slits in MSTLs, is negligible when considering practical influence factors such as conductor surface roughness and skin depth. This will be demonstrated by comparing the measured transmission responses of MSTL I and its RWG counterpart in Section VI (see Fig. 20 ).
III. MODE SELECTIVITY
Now consider the phenomenon of mode selectivity occurring in MSTL in this section. As we know, the change of the dominant mode of MSTL is reflected directly in the change of electric and magnetic field distributions. Therefore, field distributions for the dominant mode of MSTL are examined thoroughly, which turn out to be an important physical evidence of mode selectivity. The orthogonality relations between the hybrid TM and TE modes in MSTL are then presented, providing a theoretical foundation of mode selectivity.
A. PHYSICAL EVIDENCE
To better understand the mechanism of physics, let us begin with the consideration of a simple microstrip line that supports the propagation of quasi-TEM mode. The use of terminology ''quasi-TEM mode'' is directly related to the existence of a longitudinal magnetic field component, which is generally negligible compared to its dominant TEM field components. The occurrence of such a longitudinal component is caused by the cross-sectional non-uniformity or discontinuity along the microstrip line. Generally, this longitudinal field may become more and more pronounced as frequency increases. This can be observed as dispersion becomes stronger. Still, the longitudinal field is relatively weak in most cases as long as the geometrical conditions of relevance favor the guidance of a quasi-TEM mode. Of course, this phenomenon may create a favorable condition for high-order mode leakage and also for high-order mode generations if a longitudinal discontinuity is introduced. On the other hand, one may also imagine that there is a special uniform geometry that can be designed and used to favor and strengthen this longitudinal magnetic field component such that it cannot be negligible beyond certain frequency point. Therefore, the resulting mode would be characterized by three field components, which in fact form a quasi-TE mode in this case. This would create a new mode conversion or simply MSTL, which spells out the fundamental physical mechanism. The schematic diagram of this kind of mode conversion is depicted in Fig. 5 . As can be seen, the magnitude of the longitudinal magnetic field component |H z | for the dominant mode of MSTL continues to increase as frequency increases. As a result, |H z | of MSTL is becoming higher than that of microstrip (quasi-TEM mode) at around f ms1 and then approaching that of RWG (TE 10 mode) at around f ms2 . This change of the important field component H z results in the mode conversion between the quasi-TEM mode and the quasi-TE 10 mode in MSTL. This phenomenon will be further demonstrated and discussed by examining the practical field distributions in MSTL as follows.
For MSTL II, the field distribution curves for all the field components of the dominant mode have been extracted and discussed in [31] , showing that the fields in MSTL smoothly change with frequency. The electric and magnetic field lines for the variable dominant mode of MSTL are also compared to those in conventional transmission media in the preceding section. In the present subsection, we further investigate and look into the field distributions in MSTL, which are compared to those in the RWG and microstrip counterparts at specific frequency points.
In different MSTLs (e.g., MSTL I and MSTL II), field distributions at corresponding frequencies are almost the same, as a result of the same operating mechanism (i.e., mode selectivity). Electric and magnetic field distributions for the dominant modes of MSTLs at 0.5f ms1 , f ms1 , f ms , f ms2 , and 2f ms2 are considered here, as listed in Table 2 and Table 3 . It should be emphasized that these frequency points are specified to simplify the unified analyses for different MSTLs. In fact, one can choose arbitrary frequencies; however, we suggest considering the frequencies across the different frequency regions (to be specified in Section IV) for a clear comparison. Similarly, the field distributions for the dominant modes of the microstrip and RWG counterparts are also sketched and listed in Table 2 and Table 3 for comparison. The field distributions for the dominant mode of MSTL at different frequencies are different, as expected. To be specific, the fields in MSTL at 0.5f ms1 and f ms1 are bounded around the central strip, which are analogous to those in the microstrip counterpart. The dominant TE 10 mode of RWG is below cutoff at these frequencies. At f ms2 and 2f ms2 , partial fields spread to the side parts of MSTL, thus tending to resemble those in the RWG counterpart. This change of the field distributions in MSTL indicates the change of the dominant mode of MSTL. That is, the dominant mode of MSTL at a low frequency (e.g., 0.5f ms1 or f ms1 ) is analogous to the dominant mode of the microstrip counterpart; that is a quasi-TEM microstrip mode. As frequency increases to a relatively high frequency (e.g., f ms2 or 2f ms2 ), the dominant mode of MSTL tends to be resemble the dominant mode of RWG; that is a quasi-TE 10 waveguide mode. At a frequency in between (e.g., f ms ), the dominant mode of MSTL is a hybrid ''transition'' mode. The change of the dominant mode of MSTL is indeed describable by the mode selectivity, which occurs smoothly as frequency increases [31] . The reason is that the boundary conditions ''seen'' by the dominant propagating mode of MSTL change gradually with increasing frequency. Specifically, the boundary conditions for the dominant mode of MSTL at a low frequency (e.g., 0.5f ms1 or f ms1 ) are almost the same as those for the dominant mode of the microstrip counterpart. As frequency increases to a higher frequency (e.g., f ms2 or 2f ms2 ), the side conducting planes together with the sidewalls (see Fig. 1 ) have a much-pronounced effect. Hence, the boundary conditions for the dominant mode of MSTL in this case become analogous to those for the dominant mode of the RWG counterpart.
In addition to the electric and magnetic field distributions in MSTL, it is worthwhile to further examine the major field components of the dominant mode of MSTL. As we know from [31] , E y , H x , and H z are the major field components. Their magnitude curves along the x-axis (at y = h/2) in Fig. 1 at 0.5f ms1 , f ms1 , f ms , f ms2 , and 2f ms2 are extracted using the HFSS field calculator [35] , as plotted in Fig. 6 . The field magnitude curves are normalized to the maximum magnitudes of the electric field component and the magnetic field component. The normalized field magnitude curves of the microstrip counterpart at 0.5f ms1 and the RWG counterpart at 2f ms2 are also plotted in Fig. 6 for comparison. For MSTL, the major field components (E y , H x , and H z ) have a noticeable change in their distribution shape and magnitude as frequency increases gradually. It is found that the |E y |, |H x |, and |H z | curves of MSTL at 0.5f ms1 are similar to those of the microstrip counterpart at 0.5f ms1 . As frequency continues to increase from 0.5f ms1 to 2f ms2 , both the left and right parts of all the field curves of MSTL rise remarkably. As a result, the field curves of MSTL are becoming similar to those of the RWG counterpart, especially at 2f ms2 . For the microstrip and RWG counterparts, on the other hand, the field magnitude curves have a slight change with increasing frequency [19] , [31] , [48] . This reveals the conversion of the dominant mode of MSTL. Given the changes of other field components E x , H y , and E z of MSTL (both |E x | and |H y | decrease with frequency, and |E z | ≈ 0) [31] , we can conclude that the VOLUME 6, 2018 dominant mode of MSTL is changed smoothly from a quasi-TEM microstrip mode to a quasi-TE 10 waveguide mode with increasing frequency. The examination, comparison, and analyses of the field distributions in MSTL and its counterparts provide a substantial physics-based proof of the mode selectivity in MSTL.
B. THEORETICAL FOUNDATION
MSTL is asymmetric and inhomogeneous with respect to the y-axis because of the different (or hybrid) dielectric regions (see Fig. 1 ), as described in Section II. For this reason, MSTL cannot support a pure dominant TEM mode or a pure dominant TE (or TM) waveguide mode. As described in Chapter 3 in [11] and [49] , the fields in a composite transmission system (e.g., MSTL) can be expanded into a complete set of known modes. These known modes do not individually satisfy the boundary conditions of the composite system and hence couple to each other. In fact, the exact fields in MSTL constitute a hybrid TM-TE wave, as in a microstrip line or a CPW. The TE y and TM y hybrid modes with respect to the y direction are considered to simplify the study of the airdielectric interface in the y direction. Due to the unbounded y and z directions (see Fig. 1 ), the hybrid TE y and TM y modes have complex propagation factors in the y and z directions, k y and k z . For a laterally shielded top-open transmission line like MSTL, the hybrid TE y and TM y modes satisfy the following orthogonality relations [50] :
where e i m and h j n are the transverse vector modal functions with respect to the y direction. The indexes m and n represent the orders of modes, and i and j are used to distinguish between TE and TM polarizations with respect to the y direction. From [50] , we know that the parameter C in (1) is nonzero as long as k z is not a pure real number. These types of modes exist in MSTL because of the evanescent and leaky waves in the z propagation direction. This fact indicates that complex hybrid modes with the same orders (i.e., m = n) but different polarizations (i.e., i = j) are nonorthogonal. That is, a significant coupling effect can occur along the transverse direction (y-axis) between the TE y and TM y hybrid modes.
In MSTL, the TE y modes could be coupled to the sameorder TM y modes with increasing frequency. The strength of coupling would decrease as the order (m = n) of the coupled modes increases [50] . This is consistent with the change of the field distributions in MSTL. As detailed in [31] , when frequency increases, the magnitudes of the field components E y , H x , and H z increase, and the magnitude of E z is still close to zero, whereas the magnitudes of E x and H y decrease gradually. In addition to the change in magnitudes, there is an obvious change in shapes of the distribution curves of the field components [31] . As a result of the significant coupling effect, the change of field distributions in MSTL is reflected in the change of the dominant mode as a whole, i.e., mode selectivity. We emphasize that the dominant quasi-TEM mode at low frequencies and the dominant quasi-TE 10 mode at high frequencies are confirmed by rigorously examining the field distributions at different frequencies. The above analysis rovides a theoretical foundation of the phenomenon of mode selectivity in MSTL.
IV. CHARACTERISTIC FREQUENCIES
In the preceding section, it has been verified that the dominant mode of MSTL appears in two dissimilar forms (quasi-TEM and quasi-TE 10 modes), supported by the mode selectivity. A more rigorous analysis of the mode selectivity is carried out in this section. The characteristic frequencies, f ms1 , f ms2 , and f ms , are first defined and formulated. With these frequency points, the whole frequency range of MSTL can then be divided into several frequency regions, Region I, Region II (Region II-A and Region II-B), and Region III, associated with the variable dominant mode.
To quantify the mode selectivity in MSTL, it is necessary to treat and then model the quasi-TEM and quasi-TE 10 modes separately. For the individual quasi-TEM microstrip mode, the sidewalls (see Fig. 1 ) are placed close to the slits. This leads to that the ''appearance'' (cutoff) frequency of the waveguide mode increases and is thus completely outside the frequency ranges of interest. It should be noted that the sidewalls should not be too close to the slits, which may result in undesirable interference with the central bound fields of the quasi-TEM mode [51] . For the individual quasi-TE 10 waveguide mode, all the top conductors (see Fig. 1 ) are set at the same voltage level. In fact, this realizes a dielectricfilled RWG with two symmetric slits etched in the top conducting plane, called two-slit RWG for short [52] , which has a dominant quasi-TE 10 mode [2] . In this way, the individual quasi-TEM and quasi-TE 10 modes in MSTL can be analyzed numerically. The individual quasi-TE 10 mode is also analyzed using empirical equations, which will be given later. The individual quasi-TEM mode is considerably similar to the dominant mode of a conventional microstrip line. Therefore, it is convenient to determine the propagation characteristics of the individual quasi-TEM mode by using the well-known equations about those of a microstrip line presented in [19] and [48] , as well as considering the effect of the side conducting planes [53] . It is therefore not repeated in this work.
Both MSTL I and MSTL II continue to be considered as examples for the following discussions. With the simulation models of MSTL and of the individual quasi-TEM and quasi-TE 10 modes, their phase constants β are obtained and plotted in Fig. 7 , normalized to the freespace phase constant k 0 . It is found that the curves of the normalized phase constants of both MSTL I and MSTL II are continuous and flat all over the frequency ranges, indicating low frequency dispersion [24] - [26] . In Figs. 7(a) and (b) , three critical frequency points, f ms1 , f ms2 , and f ms , and several frequency regions, Region I, Region II (Region II-A and Region II-B), and Region III, are clearly labeled, which will be defined and discussed in more detail.
A. APPEARANCE FREQUENCY OF QUASI-TE 10 MODE f ms1
The first characteristic frequency f ms1 is defined as the ''appearance'' frequency of the quasi-TE 10 mode in MSTL, meaning the quasi-TE 10 mode begins to appear at this frequency. This indicates that the dominant mode of MSTL is the quasi-TEM mode when frequency f is below f ms1 (f < f ms1 ). As seen from Fig. 7(a) or Fig. 7(b) , f ms1 corresponds to the high-frequency end of the overlapping curve of MSTL and the individual quasi-TEM mode. This characteristic frequency is also the cutoff frequency of the individual quasi-TE 10 mode. Its value can be determined with the help of the proposed models of the individual modes.
It is also possible to determine its value directly by calculating the cutoff frequency of the individual quasi-TE 10 mode. As described before, the individual quasi-TE 10 mode can be modeled by a two-slit RWG. Many methods can be used to analyze slitted RWGs, such as transverse resonance analysis [2] , [54] , and numerical modeling [52] . In this work, we propose a simple but rigorous method to analyze the twoslit RWG (i.e., the individual quasi-TE 10 mode). It is based on an assumption that the two-slit RWG evolves from a singleslit RWG, finally traced back to a dielectric-filled RWG. The method is detailed in Appendix. On the basis of the proposed method, an empirical equation is given to calculate the characteristic frequency f ms1 as
where µ 0 and ε 0 are the permeability and permittivity in free space, and ε r represents the relative permittivity of the dielectric substrate used. The variable M is formulated as
where all the parameters have been defined in Section II. With the given dimensions (see Table 1 ), the characteristic frequencies f ms1 for MSTL I and MSTL II are calculated to be 8.6 and 59 GHz, respectively, in agreement with the simulated 8.5 and 58 GHz. The phase constant of the individual quasi-TE 10 mode is also formulated (see (12) in Appendix) and plotted in Fig. 7 . It can be observed that the calculated phase constants of the individual quasi-TE 10 modes agree well with the simulated ones over the whole frequency ranges.
B. MAXIMUM-COUPLING FREQUENCY f ms2
The second characteristic frequency f ms2 is defined as the maximum-coupling frequency at which the maximum mode coupling between the quasi-TEM and quasi-TE 10 modes takes place. This indicates that the dominant mode of MSTL is converted to the quasi-TE 10 mode when frequency f is above f ms2 (f > f ms2 ). With reference to Fig. 7(a) or Fig. 7(b) , f ms2 corresponds to the low-frequency end of the overlapping curve of MSTL and the individual quasi-TE 10 mode. This phenomenon is consistent with the coupled-mode theory [32] , [55] . With a curve-fitting method [56] , [57] , an empirical equation is proposed to calculate this characteristic frequency as
The accuracy of (4) is verified through taking MSTL II as an example. As detailed in Appendix, comparison results indicate that, within the design region of MSTL defined in [26] , (4) can be used to accurately predict the characteristic frequency f ms2 with a calculation error below 5%. For MSTL I and MSTL II, the characteristic frequency f ms2 calculated by (4) are 29.1 and 261 GHz, respectively, in agreement with the VOLUME 6, 2018 simulated 30.5 and 260 GHz. The frequency ranges of both MSTL I (DC to 60 GHz) and MSTL II (DC to 500 GHz) considered in this work are from DC to around 2f ms2 , limited basically by the fabrication and measurement techniques, which will be described in Section VI.
C. MODE-SELECTIVE FREQUENCY f ms
As described above, the dominant mode of MSTL is the quasi-TEM mode when f < f ms1 and the quasi-TE 10 mode when f > f ms2 , respectively. Within the frequency range from f ms1 to f ms2 (f ms1 ≤ f ≤ f ms2 ), the dominant mode of MSTL experiences a gradual change from the quasi-TEM mode to the quasi-TE 10 mode with increasing frequency. This change is evident from the field distributions [31] . This frequency range is therefore defined as the mode-selective band, as labeled in Fig. 7 . The dominant mode of MSTL within this frequency band is a hybrid ''transition'' mode varying with frequency. A characteristic frequency termed the mode-selective frequency f ms is defined to bound the mode-selective band in this paper. Due to the gradual change of the field distributions, the frequency point f ms should be located around the center of the mode-selective band, thereby expressed as
The calculated f ms for MSTL I and MSTL II are 18.85 and 160 GHz, respectively. The simulated and calculated values of all the characteristic frequencies are listed in Table 4 . We can conclude that, within the mode-selective band (f ms1 ≤ f ≤ f ms2 ), the quasi-TEM mode prevails when frequency f is below f ms (f < f ms ), whereas the quasi-TE 10 mode prevails when f is above f ms (f > f ms ).
TABLE 4. Simulated and calculated characteristic frequencies (unit: GHz).
With these characteristic frequencies, the whole frequency range of MSTL can be divided into several frequency regions including Region I, Region II (Region II-A and Region II-B), and Region III, as labeled in Figs. 7(a) and (b) . In Region I (f < f ms1 ), the dominant mode of MSTL is the quasi-TEM mode and its frequency characteristics are remarkably analogous to those of a microstrip line. In Region II (f ms1 ≤ f ≤ f ms2 ), i.e., mode-selective band, the dominant mode is a hybrid ''transition'' mode performing as a quasi-TEM mode in Region II-A (f ms1 ≤ f < f ms ) and as a quasi-TE 10 mode in Region II-B (f ms < f ≤ f ms2 ). In Region III (f > f ms2 ), the dominant propagating mode of MSTL is the quasi-TE 10 mode; its frequency characteristics closely resemble those of a dielectric-filled RWG. These conclusions are tabulated in Table 5 . In one word, the mode selectivity enables the longitudinally uniform MSTL to operate in a dominant mode varying with frequency. It can be rigorously treated using these defined characteristic frequencies. 
V. ATTENUATION CHARACTERISTICS AND HIGHER-ORDER MODES
The phase constants of both MSTL I and MSTL II have been examined when defining the characteristic frequencies in the preceding section (see Fig. 7 ). It implies that the phase characteristics of MSTL can be determined by treating the individual modes. In this section, we focus on the attenuation characteristics of both MSTL I and MSTL II. We will also briefly discuss the higher-order modes in these MSTLs. As can be seen from Fig. 1 , MSTL is a sort of composite transmission line from which we can see the footprints of different well-known transmission media. This feature may lead to higher-order modes in MSTL. In this section, the first hree higher-order modes are examined and briefly discussed, which could be generated in both MSTL I and MSTL II over the frequency ranges of interest, i.e., DC to 2f ms2 .
A. ATTENUATION CHARACTERISTICS
In general, the signal attenuation in a transmission line or waveguide is caused by dielectric loss and conductor loss [19] . The total attenuation constant α can be expressed as α = α d + α c where α d and α c represent the attenuation due to dielectric loss and the attenuation due to conductor loss, respectively. Fig. 8 shows the curves of α d and α c of both MSTL I and MSTL II, compared to those of the individual quasi-TEM and quasi-TE 10 modes separately modeled in Section IV. It is seen that the attenuations, α d and α c , of these MSTLs are almost the same as those of the quasi-TEM modes when frequency f is below f ms (f < f ms ) and as those of the quasi-TE 10 modes when f > f ms , respectively. This phenomenon is consistent with the previous comparison results among their phase constants (see Fig. 7 ). It implies that the attenuation characteristic of MSTL can be determined by separately treating the individual modes.
The simulated attenuation constants (α d and α c ) of both MSTL I and MSTL II are compared to those of the RWG and microstrip counterparts for a further presentation of the attenuation characteristics of MSTL, as plotted in Fig. 9 . The difference between the attenuation constants α d of both MSTL I and MSTL II and their microstrip counterparts are small, especially when f < f ms . The difference among the total attenuation constants α of these transmission media is mainly caused by the difference among the attenuations due to conductor loss α c . As can be seen, α c of the MSTLs are slightly higher than those of the microstrip counterparts in both Region I and Region II because of the effects of the side conducting planes [53] . However, α c of the MSTLs are becoming smaller in Region III in which the dominant modes of the MSTLs have been converted to the quasi-TE 10 waveguide mode. It is reasonable that α c of the MSTLs are higher than those of the RWG counterparts in Region III, resulting from the two slits of the MSTLs. A closer examination of Fig. 9 shows that the α c curves of the MSTLs are parallel to those of the RWG counterparts in Region III. This implies that we could consider an impact factor into the formula of the conductor loss of RWG (e.g., 3 .96 of [19] ) to determine the conductor loss of MSTL when f > f ms2 (Region III).
From Figs. 8 and 9, one can find that the attenuation due to dielectric loss α d of MSTL II is considerably small when compared to the attenuation due to conductor loss α c . This is attributed to the used dielectric material (crystal quartz) with an extremely low loss tangent of tanδ = 0.0002 [58] . Here the effects of the loss tangent tanδ of dielectric material and the conductivity σ of conductor material on the attenuation constants of MSTL II are investigated, compared to those of the RWG and microstrip counterparts. As depicted in Fig. 10 , both the conductivity and loss tangent have effects on the attenuations as expected. This suggests that a proper material selection can help to reduce the power loss of MSTL to some extent. Despite these effects, the relationship between the attenuations of MSTL II and its RWG and microstrip counterparts remains the same, as described before.
With reference to Figs. 8, 9, and 10, the attenuations of both MSTL I and MSTL II increase gradually with frequency. We can also find that the difference among the attenuations of the transmission media is mainly caused by the different attenuations due to conductor loss α c . To maintain a relatively low and stable attenuation over the frequency range of operation, it is necessary to further reduce the attenuations, in particular at higher frequencies. In addition to the material VOLUME 6, 2018 selection, we further study the effects of major geometrical parameters of the MSTLs, including substrate thickness h, sidewall span d, and slit width s (labeled in Fig. 1) , on the attenuation due to conductor loss α c . As plotted in Fig. 11 , the increase of d or h can reduce the attenuation constant α c when f > f ms , which is mainly because of the decreased power density [19] . They have little effects on the attenuation constant α c when f < f ms . In contrast, s has adverse effects on the attenuation constant α c in Region II and Region III. The different effects of these parameters on the attenuation constant α c in different frequency regions are due to the variable dominant modes of the MSTLs. The change in values of these parameters also affects the characteristic frequencies and then the frequency regions.
B. HIGHER-ORDER MODES
The longitudinally uniform MSTL may support several higher-order modes. Phase constant curves plotted in Fig. 12 indicate that three higher-order modes could be generated in both MSTL I and MSTL II in the frequency ranges of interest (i.e., DC to 2f ms2 ). Their electric field distributions are sketched in Fig. 13 . A close inspection of Figs. 13(a) and (b) shows that the electric fields of both the first and second higher-order modes concentrate mainly around the side parts of MSTL. The side parts, which consist of the side conducting planes, lateral sidewalls, and bottom conducting plane, can be considered as two symmetric half-width microstrips [59] (also called half-mode SIWs [57] ). Referring to [2] and [59] , we know that the first and second higher-order modes are even and odd EH 1 modes (also called the quasi-TE 0.5,0 modes [57] ), respectively. It is seen from Fig. 13(c) that the electric fields of the third higher-order mode concentrate mainly around the central part of MSTL. The central part, which consists of the central strip and the bottom conducting plane, can be considered as a microstrip line. This implies that the third higher-order mode of MSTL is the first higher-order mode of the central microstrip line, i.e., EH 1 mode. Note that for these higher-order modes, partial fields around the silts as observed from Fig. 13 contribute the portion of slotline modes; however, they are relatively weak when compared to the EH 1 mode.
We have compared the field distributions and phase characteristics of these higher-order modes in both MSTL I and MSTL II with those of the corresponding modes in the separate side parts and central part. The comparison results indicate that the corresponding modes show almost the same properties. This fact indicates that we can separately treat the higher-order modes by analyzing the separate side parts and central part of MSTL. This analysis can refer to the reported methods [57] , [59] . It is not repeated here for simplicity. Other modes, such as slotline modes, surface wave modes, and other higher-order modes, could be generated in MSTL [25] , [26] when frequency continues to increase, or any discontinuities are introduced. In practical applications, these undesired modes need to be suppressed or eliminated. To this end, a tapered transition is designed, able to effectively suppress the undesired modes over the frequency range of interest (i.e., DC to 2f ms2 ), to be presented in the following section. 
VI. EXPERIMENTAL VERIFICATION
We have conducted numerical and theoretical analyses of MSTL. In this section, both MSTL I and MSTL II are implemented and characterized for an experimental verification. To facilitate the measurement and to suppress the higherorder modes, we will present a tapered microstrip-to-MSTL transition, showing properties of low loss and ultra-broad bandwidth.
A. MICROSTRIP-TO-MSTL TRANSITION
Transitions between MSTL and conventional transmission media are required for practical measurement and circuit integration. A tapered transition between microstrip line VOLUME 6, 2018 and MSTL is designed, supporting a low-loss and ultrabroadband propagation. This transition is constructed by tapering the central strip inward and the side conducting planes outward symmetrically, as shown in Fig. 14 . It can ensure both impedance matching and field matching between the microstrip line and MSTL [60] . More specifically, the impedance matching is mainly realized by tapering the central signal line. The field matching is assured by the central tapered line alone when frequency is in Region I (labeled in Fig. 7) . In Region II and Region III, the field matching is realized by the central tapered line together with the side tapered conducting planes, able to couple a partial field energy from the central part to the side parts. The field energy can be smoothly delivered from the microstrip line on the left side of the transition to MSTL on the right side by gradually changing the physical boundary conditions, as shown in Fig. 14 . The tapered transition delivering power from the microstrip to MSTL is based on the coupled-mode mechanism [11] , [49] ; in fact, it provides an excitation on MSTL, which is the same as the wave port in the full-wave simulations (see Fig. 1(a) ).
To check the field matching of the proposed transition, we examine the electric field distributions in various cross sections of the transition labeled as A-A', B-B', C-C', and D-D' in Fig. 14 . As we investigated earlier, the dominant mode of MSTL can change with frequency. Therefore, we examine the field distributions at two different frequencies, 0.5f ms1 and 2f ms2 , at which the dominant mode of MSTL is the quasi-TEM mode and the quasi-TE 10 mode of MSTL, respectively, as shown in Fig. 15 . From the electric field distributions at 0.5f ms1 (see Fig. 15(a) ), it is seen that the electric fields still concentrate around the central signal line, and the concentration region is changed slightly with tapering the central line. At 2f ms2 (see Fig. 15(b) ), the electric fields gradually spread from the central line (see A-A') to the whole cross section (see D-D') along the transition. This phenomenon indicates that, at a low frequency (e.g., 0.5f ms1 ), the quasi-TEM microstrip mode of the microstrip line (see A-A' in Fig. 15(a) ) is slightly adjusted to the quasi-TEM microstrip mode of MSTL (see D-D' in Fig. 15(a) ). On the other hand, at a high frequency (e.g., 2f ms2 ), the microstrip mode of the microstrip line (see A-A' in Fig. 15(b) ) is smoothly transformed to the quasi-TE 10 waveguide mode of MSTL (see D-D' in Fig. 15(b) ). In fact, the electric field distributions in A-A' are for the fixed dominant mode of the microstrip line on the left side of the transition (Fig. 14) ; therefore, there are slight changes at quite different frequencies. The electric field . 16 shows the electric field distributions along the MSTL structure connected to the transitions on two sides. Obviously, the delivery of the electric field energy along the structure at different frequencies, including 0.5f ms1 , f ms1 , f ms , f ms2 , and 2f ms2 , is quite smooth. This further proves the capability of the proposed microstrip-to-MSTL transition in supporting well-behaved field and impedance matchings. Furthermore, at corresponding frequencies, the electric field distributions in the central MSTL of the whole structure shown in Fig. 16 are quite similar to the field distributions in a single MSTL (without transitions) listed in Table 2 . This fact verifies that the microstrip-to-MSTL transition provides an excitation on MSTL, as the wave port in the fullwave simulations does (see Fig. 1(a) ). Normally, a longer tapered transition could realize a smaller signal reflection, at the expense of a higher power loss [61] . This necessitates to find a trade-off between the reflection coefficient and power loss introduced by transitions. The full-wave analysis result suggests that each microstrip-to-MSTL transition could be slightly longer than three times the guide wavelength λ g at f ms , namely l t ≥ 3λ g where l t denotes the transition length as labeled in Fig. 14. This maintains a low insertion loss (below 0.42 dB/λ g ) and a good return loss (better than 20 dB) over the frequency ranges of interest. Fig. 17 shows the simulated transmission and reflection responses of the single microstrip-to-MSTL transitions for both MSTL I and MSTL II. It can be observed that the single transition for MSTL I (l t = 21 mm ≈ 3.8λ g ) causes an insertion loss below 1.6 dB up to 60 GHz, and the single transition for MSTL II (l t = 3 mm ≈ 3λ g ) causes an insertion loss below 1.1 dB up to 500 GHz. Their return losses are better than 20 dB over the ultra-broad frequency ranges of interest. These results indicate that the proposed microstripto-MSTL transition can operate in an ultra-broad frequency range and introduce a low power loss.
In addition to the requirement for practical measurement and circuit integration, the tapered microstrip-to-MSTL transition can also effectively suppress higher-order modes in MSTL over an ultra-broad frequency range (DC to 2f ms2 ). As Fig. 18 shows, with the help of a single transition, the dominant mode propagates with a small loss, whereas the transmissions of the three higher-order modes (see Section V-B) in MSTL I and MSTL II are below −30 and −20 dB when frequency is up to around 2f ms2 (i.e., 60 GHz for MSTL I and 500 GHz for MSTL II). The slight difference between the suppression levels results from the different transition lengths, as described above. A close inspection of Fig. 18 shows that the transmission curves for the higherorder modes slightly rise when frequency goes below the cutoff frequencies (see Fig. 12 ), mainly resulting from the unwanted mode coupling. The reason for successful suppression of higher-order modes is that the transition operates in the coupled-mode approach [11] , [49] , and it is impossible to realize a good impedance matching and particularly a proper field matching between the dominant microstrip mode of the microstrip line and the higher-order modes in MSTL. This fact is directly observed and deduced by comparing the field distributions in microstrip line (see Fig. 2(c) ) and the field distributions for higher-order modes in MSTL (see Fig. 13 ).
B. MSTL IMPLEMENTATION
MSTL II has been experimentally verified in [24] and [25] . Due to a high requirement for fabrication precision, a microfabrication process was used to implement MSTL II with micro-scale features. Detailed fabrication steps have been described in [25] . MSTL I was also fabricated to further demonstrate the practical properties of MSTL. The RT/duroid 6010LM laminate from Rogers Corporation is intentionally chosen as the MSTL substrate. Its high relative permittivity ε r of 10.2 allows to examine the wide parameter ε r range VOLUME 6, 2018 of the proposed empirical equations given in Section IV. The substrate thickness h needs to be as small as possible to weaken and even suppress the CPW mode (or slotline modes), as explained in Section II-A. The microstrip-to-MSTL transitions are used to facilitate the measurement. Given the operating frequency and the limited line width of the microstrip feeds, a dielectric substrate with a thickness of 0.254 mm is chosen rather than the commercially available thinnest counterpart with a thickness of 0.127 mm. Detailed dimensions of MSTL I are listed in Table 1 . A standard printed circuit board (PCB) process technology was adopted to implement MSTL I. Note that the sidewalls of MSTL I are realized with periodically plated rectangular slots based on the SIW technology [8] , [9] . Simulation results have indicated that this realization method does not cause an obvious deterioration of the MSTL performance over the frequency range of interest. The photograph of the fabricated samples of MSTL I is shown in Fig. 19 . For comparison, the RWG and microstrip counterparts of MSTL I were also fabricated using the same fabrication technique. Similarly, the sidewalls of the dielectric-filled RWG are realized using the periodically plated rectangular slots; in fact, the implemented structure is an SIW. Microstrip-to-SIW transitions [9] are used to facilitate the characterization of the dielectric-filled RWG (SIW). For impedance matching, the microstrip counterpart of MSTL I is connected to two 50-microstrip feed lines via two tapered lines.
C. MSTL CHARACTERIZATION
For MSTL II, the measurement was carried out on a THz station. A multiline thru-reflect-line (TRL) calibration method [62] was adopted to de-embed the effects of the test system and the transitions. A PNA-X network analyzer N5247A (Keysight Technologies) is connected to VDI transmitting and receiving frequency extenders to perform full two-port scattering parameter measurements up to 500 GHz. Measured results of MSTL II are presented in [25] , revealing that MSTL II can guide an ultra-broadband (DC-500 GHz) signal with low loss and low dispersion. For MSTL I, the network analyzer is connected to MSTL I through Southwest 1.85 mm end launch connectors. The photograph of the measurement setup is shown in Fig. 19 . A measurement was carried out up to 60 GHz using the multiline TRL calibration method. The RWG and microstrip counterparts were also characterized using the same methods. Note that, the lowest measured frequency is 10 MHz, limited by the measurement setup; however, it is sufficient to demonstrate the performance near DC.
A comparison between the simulated transmission responses of MSTL I and MSTL II and their RWG and CBCPW counterparts has been carried out in Section II (see Fig. 3 ). Shown in Fig. 20 is the comparison between the measured transmission responses of the 20-mm-long MSTL I and its RWG and microstrip counterparts. It can be observed that MSTL I shows a smooth transmission over the whole frequency range (i.e., DC to 60 GHz). In contrast, a sharp drop at around 60 GHz in the transmission curve of the microstrip line is observed, which is due to the excitation of the first higher-order mode, EH 1 mode. Small fluctuations at around 38 GHz are also found. Consistent with the simulation results shown in Fig. 3 , the RWG counterpart operates in a narrow frequency range due to the low frequency cutoff and excitation of higher-order modes at high frequencies. Through the comparison, one can find that MSTL I can operate in a wider frequency range than the microstrip and RWG counterparts. A close examination of Fig. 20 also shows that the power loss of MSTL I is comparable to the counterparts over the common frequency range of operation. In addition to the transmission response, the phase constant of MSTL I is also extracted from the measured scattering parameters [63] , which is plotted in Fig. 7(a) . As can be seen, the measured phase constant agrees well with the simulated one, showing a smooth phase constant curve, thus meaning a low dispersion. From these comparison results, it can be concluded that this measurement verifies the properties of MSTL.
VII. CONCLUSION
In this paper, we have investigated MSTLs comprehensively, including numerical analysis, theoretical analysis, and experimental verification. To demonstrate the applicability of the MSTL design, we have considered two MSTLs as practical examples, which operate in different frequency ranges and require different fabrication and measurement techniques. The specific phenomenon of mode selectivity in MSTLs has been verified by both the physical evidence (field distributions) and theoretical foundation (orthogonality relations). This means that a frequency-enabled mode conversion can occur in a transmission medium with a given cross section. Similar phenomenon possibly occurs in other composite transmission media. The mode selectivity has been treated rigorously by defining characteristic frequencies and then specifying several frequency regions. This will be useful for the MSTL designs with given specifications. We have also analyzed the propagation characteristics of MSTLs and have briefly discussed their higher-order modes. Higherorder modes in MSTLs can be suppressed by the proposed microstrip-to-MSTL transition, thus expanding the frequency range of operation. The comparison between the frequency characteristics of MSTLs and the conventional transmission media indicates that MSTLs can support the transmission and processing of low-loss, low-dispersion, and particularly ultrabroadband and ultra-fast signals.
Given the conditions of mode selectivity, it is possible to realize other MSTLs with frequency-enabled mode conversion among other modes, such as CPW mode and waveguide mode. Such MSTLs are promising candidates for THz chip-to-chip interconnects and other ultra-broadband applications. In addition, we could implement various MSTL-based components with high performance through benefiting from the advantages of different modes. 
APPENDIX
We propose a simple but rigorous method to analyze slitted RWGs in this work. MSTL II is considered as an example to introduce the method. To begin with, it is assumed that the effect of the two slits on the frequency characteristics (without considering power loss) of a two-slit RWG is a combination (linear superposition) of the effect of individual slits. The field distribution curves of the two-slit RWG and two single-slit RWGs (left-slit RWG and right-slit RWG) at 400 GHz are plotted in Fig. 21 for a visual comparison. Since the two-slit RWG in this case is used to model the individual quasi-TE 10 waveguide mode in MSTL II, the chosen frequency point (400 GHz in this case) should be higher than the characteristic frequency f ms2 (defined in Section IV-B). The single-slit RWG is a dielectric-filled RWG with only one slit asymmetrically etched in the top broad wall, as shown in the insets of Fig. 21 . Its dominant mode is also a quasi-TE 10 waveguide mode. Inspection of Fig. 21 shows that the effect of both the left and right slits on the field distributions in the two-slit RWG is approximately equal to the combination (or linear superposition) of their individual effect on the left-slit RWG and right-slit RWG. This confirms the above assumption, and we can thus investigate the effect of single slit on the single-slit RWG and then simply double the effect for the two-slit RWG.
The single-slit RWG (left-slit RWG or right-slit RWG) is first analyzed in terms of phase constant and cutoff frequency. On the basis of the waveguide theory [64] , empirical equations are given to calculate the phase constant β 1 and cutoff frequency f c of the dominant quasi-TE 10 mode of the singleslit RWG as follows:
where
where c, µ 0 , ε 0 , and ε r are the speed of light, free-space permeability, free-space permittivity, and the relative permittivity of the dielectric substrate used, respectively, and f is the operating frequency. The variable M is expressed in (3). The parameters d, h, s, and m of the single-slit RWG are labeled in the insets of Fig. 22 . Fig. 22 compares the calculated and simulated cutoff frequencies f c of the single-slit RWG versus the sidewall span dfor different parameter values. Due to the limited space, the comparison is conducted for a few sets of parameter values. The value range of each parameter is expanded sufficiently. Other parameter values remain the same, as listed in Table 1 . To obtain the required variable dominant mode of MSTL and to suppress undesired modes, we have defined the design region of MSTL in [26] . Within this design region, the calculation error is estimated to be less than 2%. A similar comparison for the phase constant β 1 of the single-slit RWG was also carried out, showing an acceptable calculation error of 5%. Through comparing (6) with the equation for the phase constant of a standard RWG [19] , [64] , it is deduced that the term k in (6) and (8) is a result of the effect of the slit on the frequency characteristics of the single-slit RWG. By doubling this effect, we obtain the following empirical equations (12) and (13) to calculate the phase constant β and cutoff frequency f ms1 of the two-slit RWG. and f ms1 = 2f c − f c0 (13) where f ms1 is ultimately expressed as (2). As described in Section IV, the individual quasi-TE 10 mode in MSTL can be modeled by the two-slit RWG, and thus (12) and (13) are also applicable to the individual quasi-TE 10 mode in MSTL. For both MSTL I and MSTL II, the calculated phase constants and cutoff frequencies agree well with the simulated ones (see Fig. 7 ). In addition to the characteristic frequency f ms1 , f ms2 is also formulated in (4). MSTL II is also considered as an example to examine the accuracy of (4). The calculated and simulated f ms2 for various parameter values are compared, as shown in Fig. 23 . The simulation results are obtained by locating the low-frequency end of the overlapping curve of MSTL II and the individual quasi-TE 10 mode for various parameter values. Comparison results indicate that, within the design region of MSTL defined in [26] , (4) can be used to accurately predict the characteristic frequency f ms2 with a calculation error below 5%. Note that from the comparison results, the empirical equations given above are valid for the relative permittivity of dielectric substrate ranging from 2 to 18.
